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Introduction
In the recent years increased interest in permanent magnet synchronous machines (PMSM) with fractional slot contracted windings (FSCW) can be observed in many research teams [1, 2] . By shorten end windings (in relation to machines of distributed windings) such machines offers possibility to reduce the copper losses and thus increase of efficiency with simultaneous winding cost reduction. The advantages of FSCW PMSM are especially apparent in case of low speed and high torque machines as direct drives or windmill generators [1] . Nevertheless the PMSM with FSCW suffer of parasitic effects as increased eddy current losses and torque ripples [3] and high level of magnetic noise [6] . These parasitic effects are mainly caused by high level of sub and super harmonics content in spatial distribution of the magnetomotive force (MMF) excited by such type of winding [3, 6] . One of the methods to reduce level of distortion of the MMF spatial distribution is to increase the number of phases of the winding [2] . On the other hand the eddy current losses in the rotor can be reduced by using appropriate material for the construction of rotor magnetic circuit. In the presented contribution a dual three-phase machine with rotor yoke made of SMC material has been proposed. The machine performance has been studied by means of finite element method (FEM). The usefulness and accuracy of the elaborated model has been verified by comparing the simulation results with the measurements of selected parameters of the designed and build test machine. The measurements have been performed on the special designed research test stand. Developed research stand consists of the studied machine driven by specialized six phase inverter controlled by the ALS-1369 DSP based control system, data acquisition system (DAQ) based on the National Instrument NI9220 DAQ card and the DC power system utilizing dual channel TTIQPX600DP programmable DC supply. The view of the rotor of studied machine has been shown in Fig. 1 . The rotor of the machine is composed of wedges made of the Somaloy 500 -the SMC concept brand of Swedish company Höganäs -and NdFeB sintered magnets magnetized as shown in Fig. 2 . The applied rotor structure, i.e. spoke type topology of the permanent magnets arrangement allows to reduce the rotor inertia (by using lightweight supporting structure) with simultaneous high value of the magnetic flux density in the air gap of the machine.
Non magnetic supporting material

Soft magnetic composite -Somaloy 500
The main component of the magnetic composites is the magnetic powder that could be obtained by mechanical or physicochemical methods, such as, e.g., milling of magnetic alloys or by atomization of materials from liquid phase [4] . Soft magnetic powders are generally produced by atomization of liquid metal or its alloy. Magnetic powder grains could be coated with a binder during the powder preparing process or alternatively -a mixture of magnetic powder, a binder, and a lubricant are prepared. Binders are used in the preparing of magnetic composites in order to bond powder grains. Binders are dielectrics and create an insulating layer on a surface of powder grains [5] . For the construction of the SMC wages used powder Somaloy 500 + 0,6% LB1 (see scanning electron microscope (SEM) images shown in Fig. 3 ). Fig.3 . SEM of Somaloy 500 + LB1 powder -before and after the forming process Powder types of Somaloy 500 are based on iron powder with an ultra-fine insulating layer -see SEM images shown in Fig. 3 . Iron powder is mixed with 0.6% binder and lubricant (LB1). The insulating layer allows to obtain a relatively high material resistance, which is an undoubted advantage. Therefore, SMC materials can be used at frequencies up to 100 kHz, and a cross-over point for core losses for it and silicon steel (3% silicon content) is between 200 Hz to 400 Hz -see specific losses vs. flux density and frequency characteristics shown in Fig. 5 [8] . Whereas the magnetic permeability of the composite is lower and therefore the apparatus design of the SMC needs to take account of the magnetization curve (see Fig. 4 ). The machine prototype design has been based on stator of series produced eight pole, 2.2 kW asynchronous motor of type SG-132-s8. The original winding of the machine has been replaced by the new fractional slot concentrated winding that excite magnetic field wave of 44 poles in the air gap. The new winding is suited to be supplied by two three phase systems of currents shifted in phase to each other with 30 degrees forming so called real six phase system [2] . In order to determine the machine back electromotive force waveforms (EMF) as well as to study the performance when working as a motor, the dedicated numerical model has been developed in professional FEM package Ansys Maxwell EM. The numerical model of the machine consists of FEM equations describing the magnetic field distribution in 2D space, mechanical equilibrium equation and equations describing the supply system. The properties of applied SMC material (B-H curve shown in Fig. 4 and losses vs. frequency and magnetic flux characteristics from Fig. 5 have been taken into account. The considered domain has been subdivided into about 45 000 triangular elements. The applied FEM mesh has been refined in the air-gap region of the machine. In order to improve model accuracy the geometry of the problem has been reduced out of symmetry of the magnetic circuit. The view of geometry of the machine and applied finite element (FE) mesh have been illustrated in Fig. 6 , while major parameters of the machine have been summarized in Table 1 . Figs. 7b ) and 8b) for phase and line to line waveforms, respectively. As it can be noted, the phase waveforms contains of third and fifth, seventh and ninth harmonics, while in line to line waveforms the presence of harmonics orders dividable by three is cancelled. The performance of the machine working as a motor has been tested for two cases, i.e. normal operation, when both supply voltage stars are active -dual star operation a) and b) operation under drive fault conditions i.e. when one of the supply sources (three phase balanced system) is inactive -disconnected from the motor windings. In both cases the voltage sources supplying the machine were not controlled by means of field oriented control algorithm (so called "open loop operation" mode). Determined phase current waveforms for supply voltage amplitude equal to 7V and frequency 4Hz for single star operation (case b) and dual star operation (case a) have been shown in Fig. 9a) and 9b), respectively. Calculated electromagnetic torque waveforms for studied cases have been compared in Fig. 10 . As it can be noted, under the drive fault conditions, i.e. for single star operation the torque ripples are significantly higher. However the average value of Te is equal to applied load torque. Studying the determined current waveforms it can be stated that that for applied open loop control mode the phase current waveforms as well as amplitudes for ABC star are not changing significantly when second star (DEF) is being disconnected.
Experimental verification of machine performance under normal and drive fault conditions
The measurements of selected parameters of the developed test machine have performed on special designed research test stand shown in Fig. 11 . The stand consists of six phase PMSM machine driven by uniquely designed dual three phase inverter controlled by ALS-1369 DSP based control system, data acquisition system (DAQ) based on National Instrument NI9220 DAQ and DC power system utilizing dual channel TTIQPX600DP programmable DC supply. The diagram and photograph of the developed test stand have been shown in Fig. 11 and 12 respectively. The dual three phase inverter has been developed using two independent lab-inverters of type P4-500MFE shown in Fig. 13 . The control system has been based on ALS-1369 DSP development board. To control the dual three phase inverter six independent PWM channels of the ALS-1369 DSP have been used. In the control system two algorithms have been implemented: a) simple open loop six phase voltage source, and b) closed loop field oriented control (FOC). In open loop algorithm the extended to six phase Clarke transformation has been applied, while in FOC six phase PMSM control algorithm both direct and inversed Clarke transformations have been used. The implemented transformations can be described by following transformation matrix equations [7] : a) extended Clarke transformation:
where: , -are the state vectors in natural and orthogonal reference frame, respectively, -transformation matrix , -power scaling coefficient.
In the closed loop algorithm rotor position has been measured by use of KublerK8-F3653-4518-C71. The applied encoder and the tested machine are shown in the Fig. 12 .
Verification has been carried in two operation modes under open loop control scheme. In the first variant, only one star of the tested machine was supplied (single star operation SSO), while in the second variant, both stars were supplied (DSO). In both cases machine has been loaded by magnetorhelogical brake of constant value of torque equal to 10 Nm. All of tests have been conducted in "open loop mode", i.e. no control loop for the i d , i q currents has been applied. The supply frequency has been set to 4 Hz and amplitude of the phase voltages was equal to about 6V.
Measured torque waveforms for SSO and DSO conditions have been compared in Fig. 17 , while acquired voltage and current waveforms for single star operation have been shown in Fig. 14a) and 14b) , respectively. The phase voltage and phase current waveforms for dual star operation have been shown in Fig. 15 and 16 . It should be noted, that as expected under three phase supply mode the motor exhibit higher torque pulsation than under six phase operation.
However, the level and frequency of the torque ripples differs from simulated values. The main reasons in our opinion are lack of high inertia wheel in the measuring system and open loop control mode.
Conclusion
The paper presents research focused on analysis of the multiphase PMSM with fractional slot concentrated winding and rotor back iron made of soft magnetic composite Somaloy 500. The manufacturing process and magnetic properties of Somaloy 500 have been briefly discussed. The numerical model of the studied machine has been developed and used in analysis of motor performance. The normal operation of the machine (i.e. supplied by dual star six phase system) as well as supply fault condition (i.e. machine supplied by single star three phase system) have been examined. Presented results show that under supply fault condition machine exhibit higher electromagnetic torque ripple level comparing to normal operation of the machine. To verify these findings as well as to prove model accuracy the machine prototype has been designed, built and tested on developed experimental setup. To test the machine prototype the customized six phase supply system has been developed. Commissioned supply system is based on application of two three phase inverters controlled by common DSP control board. Due to the increased number of phases of the tested machine direct application of the standard control algorithms was not possible. The customized algorithms have been developed and employed in the control system. Most crucial was the correct representation of the current space vector. For this need the direct and reverse transformations adapted for the sixphase systems and based on the Clarke approach were determined and implemented into the control system.
Researches related to the analysis and synthesis of multiphase permanent magnet synchronous machines with fractional slot concentrated windings are still ongoing. The current objective is to create a complex drive application adapted to the power supply and control of machines with an increased number of phases allowing for testing the machine performance in closed loop vector control algorithm. The results of these works will be the scope of further publications of the authors.
